Epidemiological studies have found negative associations between human health and particulate matter in urban air. In most studies outdoor monitoring of urban background has been used to assess exposure. In a field study, personal exposure as well as bedroom, front door and background concentrations of PM 2.5 , black smoke (BS), and nitrogen dioxide (NO 2 ) were measured during 2-day periods in 30 subjects (20-33 years old) living and studying in central parts of Copenhagen. The measurements were repeated in the four seasons. Information on indoor exposure sources such as environmental tobacco smoke (ETS) and burning of candles was collected by questionnaires. The personal exposure, the bedroom concentration and the front door concentration was set as outcome variable in separate models and analysed by mixed effect model regression methodology, regarding subject levels as a random factor. Seasons were defined as a dichotomised grouping of outdoor temperature (above and below 81C). For NO 2 there was a significant association between personal exposure and both the bedroom, the front door and the background concentrations, whereas for PM 2.5 and BS only the bedroom and the front door concentrations, and not the background concentration, were significantly associated to the personal exposure. The bedroom concentration was the strongest predictor of all three pollution measurements. The association between the bedroom and front door concentrations was significant for all three measurements, and the association between the front door and the background concentrations was significant for PM 2.5 and NO 2 , but not for BS, indicating greater spatial variation for BS than for PM 2.5 and NO 2 . For NO 2 , the relationship between the personal exposure and the front door concentration was dependent upon the ''season'', with a stronger association in the warm season compared with the cold season, and for PM 2.5 and BS the same tendency was seen. Time exposed to burning of candles was a significant predictor of personal PM 2.5 , BS and NO 2 exposure, and time exposed to ETS only associated with personal PM 2.5 exposure. These findings imply that the personal exposure to PM 2.5 , BS and NO 2 depends on many factors besides the outdoor levels, and that information on, for example, time of season or outdoor temperature and residence exposure, could improve the accuracy of the personal exposure estimation. Keywords: urban air, particulate matter, PM 2.5 , black smoke, nitrogen dioxide, personal exposure, seasonal variation.
Introduction
Numerous studies have shown that exposure to high outdoor particle levels causes increased morbidity and mortality of respiratory diseases and cardiovascular diseases (Brunekreef and Holgate, 2002; Pope et al., 2002) . Exposure to particles has been assessed by outdoor monitoring of urban background levels in most of these studies. It has been shown that people spend most of their time indoor and that indoors sources to air pollutants are numerous (Jenkins et al., 1992; Ozkaynak et al., 1996) . Also, some studies have found that biomarkers believed to be related to cardiovascular diseases and cancer show stronger association with personal exposure to particles than to urban background measurements (Seaton et al., 1999; Sorensen et al., 2003a, b) . This indicates that the exposure to particles generated indoor could cause an additional increase in morbidity and mortality. Investigation of sources to indoor air pollution have identified smoking and cooking as some of the important sources (Koutrakis and Briggs, 1992; Abt et al., 2000) . Other factors that influence the indoor air quality are air exchange rates, ventilation and indoor work (Thatcher and Layton, 1995; Abt et al., 2000) .
In the recent years, several studies have investigated the relationship between personal exposure and indoor-outdoor monitoring of particles in terms of PM 2.5 or PM 10 (Ozkaynak et al., 1996; Pellizzari et al., 1999; Ebelt et al., 2000; Brauer et al., 2001; Koistinen et al., 2001) . In most of the cross-sectional studies strong associations between personal exposure and indoor concentrations, and weak or no associations between personal and outdoor concentrations have been found (Ozkaynak et al., 1996) , whereas in studies with repeated measurements reasonable relationships between daily variations in personal and outdoor levels have been found (Pellizzari et al., 1999; Brauer et al., 2001) . In studies conducted at latitudes with considerable changes in the weather, the time of year could affect the relationship between the outdoor pollution levels and the personal exposure as behavioural patterns change through the seasons. Little is, however, known about this issue.
Although PM 2.5 is the most commonly used particle measurement, also BS is believed to be an important parameter as the method responds mainly to particles in the submicrometre range, which to a large extent, will be directly emitted ultrafine particles from diesel vehicles (Horvath, 1995; Kinney et al., 2000; Gotschi et al., 2002) . A third air pollution measurement believed to be of relevance is NO 2 (McConnell et al., 2003) , although it is uncertain whether NO 2 is important as a single pollutant or as an indicator of an ambient mixture. However, in the European Union, NO 2 has significance from a regulatory perspective, since EU directives will be exceeded in high traffic situations.
The aim of this study was to investigate to what extent outdoor concentrations at the residence and urban background influenced the personal exposure to particles (in terms of PM 2.5 and BS) and NO 2 in different seasons and at the same time to try to identify additional predictors of the personal exposure. We measured in four seasons: fall, winter, spring and summer, on 30 students living and studying in central parts of Copenhagen.
Materials and methods

Experimental Design
In four measuring campaigns distributed over a period of 1 year, we aimed to record 120 measurements of personal exposure, bedroom and front door concentration to particles (PM 2.5 and BS) and NO 2 . In each measuring campaign 30 subjects participated. The first measuring campaign was conducted in November 1999 (autumn), the second in January-February 2000 (winter), the third in April-May 2000 (spring) and the last and fourth campaign in August 2000 (summer). Each campaign lasted 5 weeks and six subjects were monitored each week. Measurements were performed over 2-day periods for each subject, with three subjects being monitored from Monday morning to Wednesday morning and three other subjects being monitored from Wednesday morning to Friday morning. In each 2-day monitoring period, levels of PM 2.5 , BS and NO 2 were also measured at a street monitoring station placed at a busy central street (H.C. Andersens Boulevard) with three lanes in each direction and buildings on one side of the street and about 60,000 vehicles passing daily and at an urban background monitoring station placed on a roof of a building on the Copenhagen University campus site.
The subjects were recruited through a notice in the local university newspaper. All of the participating subjects were nonsmokers, living and studying in central parts of Copenhagen. The subjects were between 20 and 33 years of age and the median age was 24 years. Not all of the 30 subjects could continue to participate in all four campaigns. Therefore, new subjects were recruited so that 30 subjects participated in every campaign. In total 47 subjects participated in the study. In all four campaigns, there was an even distribution of men and women. Owing to occasional equipment failure such as missing charge from batteries and breakage of the filters, the number of subjects with complete set of PM 2.5 and BS measurements in the four seasons was 22 in autumn; 18 in winter; 23 in spring and 24 for PM 2.5 and 26 for BS in summer. For NO 2 the number was 0 in autumn (due to a technical error); 22 in winter; 24 in spring and 27 in summer. The subjects filled in a questionnaire including registration of exposure to environmental tobacco smoke (ETS), burning of candles and frying of food and also registration of time spent at home and outdoors and time with windows opened in the residence. Outdoor temperature was registered on hourly basis at the roof of one of the university buildings (20 metres above ground) throughout the 48-h measuring periods and averaged for each 2-day measuring period.
In this report, we analyse the measurements from subjects with complete datasets of personal exposure, bedroom concentration and front door concentration. This sums up to 87 for PM 2.5 , 89 for the BS and 73 for NO 2 , out of 120 possible measurements distributed over the four seasons.
Air Sampling and Analysis
The particles were sampled by using a system from BGI (Kenny and Gussman, 1997) , a KTL PM 2.5 cyclone developed for the European EXPOLIS study (Jantunen et al., 1998) , a BGI400 pump (flow 4 l/min) and a battery for 48 h operation. The equipment for the personal sampling was placed in a backpack that the study subjects carried during the campaign or placed nearby when they were indoors. The equipment for the indoor sampling was installed in a plastic box and during sampling it was placed on the floor in an open spot in the bedroom. A similar plastic box with equipment was mounted on a bike, which was placed next to the front door of the subjects. Sampling was performed on 37 mm Teflon filters (Biotech Line, Denmark). Before and after sampling the filters were weighted on a Micro weight MT5 (Mettler-Toledo) after conditioning for 24 h in the laboratory. The detection limit was found to be about 26 mg defined as three times the standard deviation on laboratory blanks (field blanks showed only minor increase in weight), which typically amounts to 5-20% for the performed samples. The same eight blanks were used during the four seasons without any changes. On the basis of four parallel measurements repeated six times (outdoor sampling) the coefficient of variation was calculated to 8.4%, which is similar to the coefficient of variation obtained in a study using similar measuring equipment .
The measurement of BS detects the blackness of the PM 2.5 filters and is an indicator of the black carbon content of the particles. It was measured on a Model 43 Smokestain Reflectometer (Diffusion Systems Ltd, UK). On each filter, the reflectance was measured with triple determinations in five different spots. These 15 measurements were averaged and the value was transformed into the absorption coefficient (a, m À1 ) using the following formula (ISO 9835, 1993) : ), R the intensity of reflected light from the exposed filter and R 0 the intensity of reflected light from a clean filter. On the basis of four parallel measurements repeated six times (outdoor sampling) the coefficient of variation was calculated to 6.4%, which is similar to the coefficient of variation obtained in a study using similar measuring equipment . Three of the BS measurements of the personal exposure were found to be below the detection limit on 0.01 Â 10 À6 m À1 . To be able to include these measurements in a logarithmic model they were given the value of 0.007 Â 10 À6 m À1 estimated according to the formula: detection limit/square root 2, suggested by Hornung and Reed (1990) . The NO 2 measurements were performed by Radiello passive samplers (Cocheo et al., 1996) . The sampler uses thiethanolamine as substrate, which absorbs nearly 100% NO 2 and converts it to nitrite. Afterwards, the nitrite was analysed on segmented flow analyser using Saltzman's reagent (sulfanilic acid þ N(1-naphthyl)ethylenediamine dihydrochloride), followed by spectrophotometric detection at 540 nm. The NO 2 samples for the autumn campaign were not analysed due to a mistake in handling. On the basis of nine replicant measurements the coefficient of variation was determined to 7.6%.
Statistics
All statistical analyses were performed using the SAS software (version 8e). Mixed effect model repeated measures analysis (proc mixed) was used to describe the dependent variable as a function of various predictors including subject level as random factor. Subject level was included as a random factor to account for factors as, for example, exposure at university and transport route to the university, which could possibly influence the personal exposure but is not included in the model. The personal exposure and the front door, the bedroom and the background concentrations to PM 2.5 , BS and NO 2 were logarithmically transformed to obtain normal distribution of the residuals and variance homogeneity.
The personal exposure of PM 2.5 , BS or NO 2 was set as the dependent variable in separate models that included the following explanatory variables (predictors): the front door, the bedroom and the background concentrations, as well as time exposed to ETS, burning of candles and frying of food and ''season''. We also included all three predictors (the front door, the bedroom and the background concentrations) in one model to test which of them were the strongest predictor. The interaction between front door concentrations and dichotomization of outdoor temperature was also included in a model to analyse whether the outdoor temperature modified the association between the front door concentration and personal exposure. In another model, the natural logarithm of the bedroom concentration was included as the dependent variable and in separate models the front door concentration, the background concentration and the time with open windows in the residence were included as predictor. Table 1 shows the levels of personal, bedroom, front door, urban background and street station concentrations of PM 2.5 , BS and NO 2 according to temperature. The experimental part of this study spanned one year and included one measuring campaign in each season (autumn, winter, spring and summer). We chose to group the observations according to a temperature cut off at 81C resulting in a ''warm season'' and a ''cold season'' instead of according to the four seasons, due to three reasons: (1) seasons vary substantially at different latitudes, (2) the measuring campaigns only spanned one third of each season (5 weeks) and (3) more than the actual season the temperature decides many behavioural patterns of the subjects. This grouping placed 43% of the observations in the ''warm season'' and 57% of the observations in the ''cold season''. In general, the values were higher for all the measurements during the cold season (o81C) compared with the warm season (481C). This was strongest for the NO 2 concentrations with significant differences at all five measuring positions and weakest for BS where only the front door and the street station concentrations showed significant differences ( Table 1 ). The personal exposure exceeded indoor concentrations for all three pollutants, and for PM 2.5 , and not BS and NO 2 , the personal exposure exceeded the home outdoor concentrations. For BS and NO 2 , and not PM 2.5 , the concentrations measured at the street station were considerably higher than those measured at other positions.
Results
Descriptive Statistics
In Table 2 , a description of data from the questionnaire stratified according to temperature is shown. Percent time spent at home or outdoors, and percent time exposed to ETS, burning of candles and frying of food differed only slightly between the two seasons, while percent time with open windows was much higher in the warm season compared with the cold season. Percent time spent at home and outdoors do not add up to 100% as the subjects also spent time indoors elsewhere than home (not shown). Median percentage of time exposed to ETS, burning of candles and frying of food was low to zero. Of the 97 filled-in questionnaires, 49 reported an exposure to ETS, 33 reported an exposure to burning of candles and 51 reported an exposure to frying of food.
Predictors of the Personal Exposure
In Table 3 , the relationships between the personal exposure and (1) the bedroom concentration, (2) the front door concentration and (3) the background concentration of the three pollution measurements, PM 2.5 , BS and NO 2 are Statistical testing in SAS with proc mixed was used to test for differences according to the outdoor temperature (below or above 81C). The street station was placed at a central busy street with about 60,000 vehicles passing daily. The urban background street station was placed on a roof of a building on the Copenhagen University campus site. Q25-Q75 ¼ 25-75% interquartile range. shown. For PM 2.5, the bedroom and the front door concentrations were found to be significant predictors of the personal exposure, whereas the background concentration only reached borderline significance (P ¼ 0.053). For BS a similar pattern was seen, with the exception that the background concentration was far from being a significant predictor (P ¼ 0.86). For NO 2 , all three measurements significantly predicted the personal exposure. When including all three predictors in one model, the predictor that explained most of the variation was the bedroom concentration (Po0.01 for all) followed by the front door concentration (Po0.01 for PM 2.5 , P ¼ 0.08 for BS and Po0.05 for NO 2 ), whereas the background measurement became insignificant for all three pollution markers (P40.4 for all). The inclusion of subject as a random factor in the model corresponds to specifying the responses observed on the same subject to be correlated. When all three predictors were included, this correlation was estimated to zero for PM 2.5 , indicating no unexplained similarity between observations on the same subject. For the BS model, the between-subject variance was estimated to 0.082 and the within-subject variance to 0.880, showing that the majority of the total unexplained variation was within-subject variation, while only 8.6% (0.082/ (0.082 þ 0.880)100) of the variation was between-subject variation. For NO 2 , the within-subject variation was estimated to 17.0% of the total unexplained variation.
When including only the front door and the background concentration as predictors in one model, the front door concentration significantly predicted the personal exposure (Po0.001 for all), whereas the background measurement was insignificant (P40.5 for all) for all three pollution markers.
When examining the association between the personal exposure and front door concentrations of PM 2.5 according to temperature, a borderline significant difference between this association in the two temperature groups was found (P ¼ 0.08) (Table 4, Figure 1 ). In the warm season, a 10% increase in the front door concentration resulted in a highly significant 6.6% increase in the personal exposure, whereas in the cold season this increase was only 2.7% and insignificant (P ¼ 0.064). For BS the interaction between the temperature dichotomisation and the front door BS concentration was not significant for the personal BS exposure (P ¼ 0.21), though also here the association between the personal exposure and front door concentrations was strongest during the summer. For the NO 2 measurements, the association between personal exposure and front door concentration was significantly different in the two temperature groups (P ¼ 0.026), with a 10% increase in the front door concentration causing a 8.5% increase in personal exposure in the warm period and a 3.1% increase in personal exposure in the cold period. Table 5 shows the associations between the personal exposure to PM 2.5 , BS and NO 2 and exposure to the possible indoor pollution sources: ETS, burning of candles and frying of food. Time exposed to burning of candles was a significant predictor of all three pollutants whereas time exposed to frying of food did not predict any of them. Exposure to ETS Results from the mixed-model analysis.
The personal exposure, the front door concentration and the background concentration of PM 2.5 , black smoke (BS) and NO 2 were transformed by the natural logarithm. CI ¼ confidence interval.
Personal exposure to PM 2.5 Sørensen et al. significantly predicted the personal PM 2.5 exposure and not personal BS and NO 2 exposure.
Predictors of the Indoor Concentration
The association between the bedroom and the front door concentrations was significant for all three measurements: PM 2.5 with an increase of 3.8% in the bedroom concentration pr. 10% increase in the front door concentration (Po0.001); BS with an increase of 8.2% in the bedroom concentration pr. 10% increase in the front door concentration (Po0.0001); and NO 2 with an increase of 5.9% in the bedroom concentration pr. 10% increase in the front door concentration (Po0.0001). We found a significant association between the bedroom and the background concentration for NO 2 (Po0.0001) with a 5.0% increase in bedroom concentration pr. 10% increase in background concentration, whereas for PM 2.5 the association was only borderline significant (P ¼ 0.08, 2.4% increase in bedroom concentration pr. 10% increase in the background concentration) and for BS there was no association (P ¼ 0.63).
Including ''time with windows open in the residence'' as explanatory variable in a model where the bedroom concentration was set as the dependent variable, did not significantly predict the bedroom concentration of either PM 2.5 , BS and NO 2 , although for BS it was borderline significant (P ¼ 0.055). When examining the association between the indoor concentrations and front door concentrations of PM 2.5 , BS and NO 2 according to ''season'', we found that was there a significant difference in the associations for BS (P ¼ 0.04) and NO 2 (P ¼ 0.003), but not for PM 2.5 (P ¼ 0.96). For BS the association during winter was stronger (Po0.001, 13.4% increase in bedroom concentration pr. 10% increase in front door concentration) than during summer (P ¼ 0.003, 6.1% increase in bedroom concentration pr. 10% increase in front door concentration). For NO 2 there was no significant relationship in the cold season (P ¼ 0.36, 1.5% increase in bedroom concentration pr. 10% increase in front door concentration) and a significant association in the warm period (Po0.0001), corresponding to a 7.8% increase in the bedroom concentration pr. 10% increase in the front door concentration.
Associations Between Front Door and Background Concentrations
The association between the front door and the background concentrations was significant for PM 2.5 and NO 2 : PM 2.5 with an increase of 6.1% in the front door concentration pr. 10% increase in the background concentration (Po0.001) and NO 2 with an increase of 8.5% in the front door concentration pr. 10% increase in the background concentration (Po0.0001). There was no significant association between the front door and the background concentrations of BS (P ¼ 0.15).
Discussion
In this study, outdoor and indoor concentrations of PM 2.5 , BS and NO 2 as well as information on indoor exposure sources and seasons were measured and registered in order to investigate their potential in predicting the personal exposure. We found that the home indoor air pollution level was the strongest predictor of the personal exposure, and that burning of candles and exposure to ETS were two indoor air pollution sources that predicted the personal exposure.
The season seemed to be important when looking on the relationship between personal exposure and outdoor air pollution concentrations, especially for NO 2 and PM 2.5 , and BS seemed to show greater spatial variations than NO 2 and PM 2.5
The strongest predictor of the personal exposure in our model was the bedroom concentration, which is in agreement with the results from previous studies (Ozkaynak et al., 1996; Pellizzari et al., 1999; Williams et al., 2000; Koistinen et al., 2001) . It implies that there are other sources than the outdoor traffic that contribute to the personal exposure. This is important, as particles generated indoors might be at least as bioactive as ambient particles and therefore important when investigating impact on health effects (Long et al., 2001b) . The fact that we found 'time exposed to burning of candles' to be a significant predictor of personal PM 2.5 , BS and NO 2 exposure, and 'time exposed to ETS' to be associated with personal PM 2.5 exposure helps explain why the bedroom concentration is such a strong predictor, together with the fact that the subjects spend most of their time indoors. The results on exposure to ETS are comparable to another study that compared PM 2.5 and BS measurements and found that cigarettes had a stronger impact on PM 2.5 than on BS (Gotschi et al., 2002) . Another important indoor source of NO 2 is gas stoves (Levy et al., 1998 ), but we do not have information of this in the present study.
The variance of the PM 2.5 model at subject level was found to be zero from which we, surprisingly, can conclude that on subject level there were no individual factors such as, for example, home address and transport route to the university, that influenced the personal exposure in repeated measurements. A possible explanation may be that the subjects were all students, who do not have an ordinary '8-h work day' and perhaps therefore a larger variation in behavioural patterns than other sections of the population. For BS and NO 2 the variance at subject level was close to zero showing that also for these two measurements there was almost no between subject variation.
We found that the personal PM 2.5 exposure and the bedroom concentration exceeded the home outdoor PM 2.5 concentration and was similar to the street station concentration of PM 2.5 , whereas for NO 2 and BS the concentrations at the home front door and at the street station were at the same level and much higher, respectively, as the personal exposure. This is similar to results obtained in other studies (Koistinen et al., 2001; Kousa et al., 2001) , and indicates that PM 2.5 are more strongly affected by indoor sources than NO 2 and BS and that personal NO 2 and BS exposure thus are more strongly associated to traffic than PM 2.5 . Another reason to why the personal exposure to PM 2.5 exceeds the front door concentration and also the home indoor concentration could be the existence of the 'personal aerosol cloud' affecting PM 2.5 and not NO 2 and BS (Wallace, 1996) .
As outdoor concentrations of PM 2.5 , BS or NO 2 are the most commonly used measurements in ''estimating'' personal PM 2.5 , BS and NO 2 exposure, respectively, the association between personal exposure and outdoor concentrations is especially important (Dockery et al., 1993; Pope et al., 1995 Pope et al., , 2002 . When we included both the front door and background concentration in one model the background measurement did not significantly predict the personal exposure for either PM 2.5 , BS or NO 2 , indicating that the contribution of this measurement is already accounted for in the front door measurement, and that the front door measurement thus is a better predictor than the background measurement. When including only one predictor in each model, we found that the front door and background concentrations of PM 2.5 and NO 2 predicted some of the personal exposure whereas for BS only the front door concentration was a significant predictor. It therefore seems that the background measurement of BS is unsuitable as predictor of personal exposure, when longer term exposures are of interest. It also indicates more spatial variability for BS compared with PM 2.5 and NO 2 , which is supported by our findings of a significant association between the front door and the background concentrations for PM 2.5 and NO 2 , and not for BS. This is similar to results obtained in other studies, and also fits with the results in Table 1 that show higher street station/front door station ratios of BS compared with PM 2.5 and NO 2 (Kinney et al., 2000; Roosli et al., 2001; Hoek et al., 2002) . BS is believed to be a measurement of particles in the submicrometre range (Horvath, 1995) , which to some extent will be directly emitted ultrafine particles from diesel vehicles. The spatial variation found for BS is probably due to a rapid dilution of the BS sources, such as diesel exhaust, rather than condensation to larger particles (Vignati et al., 1999) .
When we compared the relationship between the personal exposure and the front door concentration we found that all three pollution measurements seemed to be dependent of the seasonal categorisation (though only significant for NO 2 ), such that during the warm season the outdoor exposure contributed more to the personal exposure than during cold periods. This could partly relate to differences in air exchange between indoor and outdoor environments in the two periods. In addition to this, the subjects on average spent 6.3% time outdoors during the warmer period compared to 4.9% during the colder period, which could also explain some of the difference in associations between the ''seasons''.
Ventilation of the residence has been found to affect the relationship between the indoor-outdoor concentrations, and thus the relationship between personal exposure and outdoor concentration as people spent most of their time indoors (Rodes et al., 2001; Gotschi et al., 2002) . In our study including ''time with windows open in the residence'' as explanatory variable, did not significantly predict the bedroom concentration of either PM 2.5 , BS and NO 2 , although for BS it was borderline significant. Another way to examine the ventilation, as suggested by another study (Gotschi et al., 2002) , is to compare indoors and outdoors associations stratified by winter (cold season) and summer (warm season), representing periods with low and high ventilation rates, respectively. Lower associations would be expected during the cold season where the ventilation is low, and for NO 2 this was what we found. For BS we found that the association was highest during the cold season, suggesting that BS is less affected by different ventilation rates than NO 2 . No difference in association between the cold and warm season was seen for PM 2.5 . This is somewhat surprising as PM 2.5 in other studies has been found to be more affected by different ventilation rates than BS (Long et al., 2001a; Gotschi et al., 2002) . If we compare the increase in the bedroom concentration pr. 10% increase in front concentration, we found a higher increase for BS (8.2%) and NO 2 (5.9%) than for PM 2.5 (3.8%), which is similar to results obtained in other studies (Gotschi et al., 2002) . This indicates that BS and NO 2 penetrate buildings more easily than PM 2.5 .
In conclusion, our findings imply that the personal exposure to PM 2.5 , BS and NO 2 depends on many factors besides the outdoor levels, and that information on, for example, time of season or temperature and indoor exposures, will improve the accuracy of the personal exposure estimation.
